Abstract Pathogenesis-related proteins (PRs) are known to function in higher plants as a protein-based defensive system against abiotic and biotic stress, particularly pathogen infections. A full-length cDNA sequence of PR BetV1 was isolated and characterized from a 14-year-old ginseng expressed sequence tags library and we named this as PgPR10-4, because of similar identities with previous isolated PgPR10s sequences. The PgPR10-4 gene encodes a 477 bp open reading frame and its deduced protein contains 158 amino acids with a 53 % identity with that of
Introduction
Plants have developed various defense mechanisms against biotic and abiotic stresses such as pathogen invasions, wounds, and exposure to heavy metal, salinity, cold, and ultraviolet rays (UV). These defense mechanisms include the synthesis of pathogenesis-related (PR) proteins after being exposed to pathogens or environmental stresses (Sels et al. 2008; Rigden and Coutts 1988) . PR proteins encoded by plants are important for their roles in plant defense. The accumulation of PR proteins is a crucial component of plant defense responses, and has been shown to correlate with disease resistance in plants (van Loon et al. 2006) .
Since the discovery of PRs in 1970 (van Loon and van Kammen 1970) , these proteins have been identified in many plants species, and 17 gene families (PR-1 to PR-17) have currently been grouped based on their amino acid sequences, serological relationship, and/or biological activity (Sels et al. 2008; van Loon et al. 1994 van Loon et al. , 2006 van Loon and van Strien 1999) . The molecular size of PR proteins varies widely, ranging from 7 to 75 kDa (Sels et al. 2008) . The specific functions of PRs are not fully understood, although several are postulated to play a role in preventing pathogen invasion.
The pathogenesis-related BetV1 (BetV1) family is composed of sequences related to the major birch (Betula verrucose) pollen antigen BetV1 (Breiteneder et al. 1989 ), known to cause hayfever, dermatitis, asthma, and occasionally anaphylactic shock. The BetV1 family protein belongs to the PR-10 class (Radauer et al. 2008 ), a group of 15-17 kDa cytoplasmic proteins that are widespread among dicotyledon plants (Wen et al. 1997) . Most PR-10 proteins are known to be induced by various biotic and abiotic stresses including wounds, drought, and high salinity (Takeuchi et al. 2011) .
Sequence comparison of BetV1 revealed a 70 % sequence similarity to a pea disease resistance response gene (Fristensky et al. 1998) . Since then, a number of diverse plant proteins with low sequence similarity to BetV1 have been identified. These proteins were identified as major tree pollen allergens in birch and related species, plant food allergens expressed in high levels in fruits, vegetables, and seeds, and PR proteins with expressions induced by pathogen infection, wounding, or abiotic stress. However, the biological function of BetV1 is still unknown. In this study, we carried out a phylogenetic and functional analysis of BetV1 from the ginseng plant.
To date, three different PR-10 genes have been described in Panax ginseng Meyer (Moiseyev et al. 1997; Pulla et al. 2010; Lee et al. 2012a, b) . Previously, two PR-10 proteins have been shown to have specific ribonuclease activity (Moiseyev et al. 1994 (Moiseyev et al. , 1997 Pulla et al. 2010 ) and we also demonstrated that overexpressed PgPR10-1 (Lee et al. 2012b ) and PgPR10-2 (Pulla et al. 2010) showed resistance against biotic stresses in Arabidopsis and tobacco, respectively. Here, we report for the first time the isolation of a full-length cDNA clone encoding PgPR10-4 from a ginseng expressed sequence tag (EST) library. In order to understand whether the ginseng BetV1 confers resistance against bacterial and fungal stresses, we analyzed the function of heterologously overexpressed PgPR10-4 in Arabidopsis.
Panax ginseng, a perennial herb in the family Araliaceae that has been cultivated for its highly valued root which has traditionally been used in oriental medicine. However, because ginseng is a shade crop, oxidative and biotic stress seriously affect its growth (Lee et al. 2011) . Understanding the molecular mechanisms of bacterial and fungal response genes such as the BetV1 genes may shed light on how to engineer defense-related genes in medicinal plants.
Materials and methods

Plant materials and growth conditions
Panax ginseng cv. ''Hwang-Sook'' seeds (provided by Ginseng Genetic Resource Bank) were used and cultured, and 3-week-old plantlets were used for the treatments and nucleic acid extractions, as described previously (Kim et al. 2012) . The Columbia ecotype of Arabidopsis thaliana was used as a model plant in this study. Seeds were surfacesterilized and then sown on 1/2 Murashige and Skoog (MS) medium (Duchefa Biocheme, The Netherlands) containing 1 % sucrose, 0.5 g/L MES (2-[N-morpholino] ethanesulphonic acid), and 0.8 % agar at pH 5.7 with KOH. Threeday-old cold-treated seeds were germinated under a longday condition of 16 h light/8 h dark at 23°C. Transformants were selected on hygromycin-containing plates (50 lg/mL). Ten-day-old seedlings were transplanted into the soil and allowed to grow for up to 4 weeks under the same light/dark conditions.
Sequence analysis
The deduced amino acid sequences were utilized to search for homologous proteins via BLAST network services at the NCBI. ClustalX with default gap penalties was used to perform multiple alignment of the BetV1 isolated in ginseng with those previously registered in other species. A phylogenetic tree was constructed by the neighbor-joining method, and the reliability of each node was established by bootstrap methods using MEGA4 software (Tamura et al. 2007 ). The protein properties were estimated using ProtParam (Gasteiger et al. 2005 ) and the hydropathy value was calculated by the method described by Kyte and Doolittle (1982) . The identification of conserved motifs within BetV1 was accomplished with MEME (Bailey et al. 2009 ). A three-dimensional model was prepared using BetV1 as a template on a SWISS-MODEL WORKSPACE in automated mode (Arnold et al. 2006 ). The generated 3-D structure was visualized using the UCSF Chimera package.
Application of abiotic and biotic stresses
For chemical stress treatments, the 3-week-old ginseng plantlets were placed for various periods in MS medium containing the following indicated concentrations of chemicals: 100 mM NaCl, 10 mM H 2 O 2 , 0.1 mM abscisic acid (ABA), 1 mM salicylic acid (SA), and 0.2 mM jasmonic acid (JA). For high light irradiance, seedlings were kept in white light with an intensity of about 500 lmol m -2 s -1 , while normal light intensity (40 control lmol m -2 s -1 ) was used for the control. For UV treatment, the plantlets were irradiated under UVC lamps at 1.35 lE m -2 s -1 (below 280 nm). Chilling stress was applied by exposing the plantlets at 4°C. In all cases, stress treatments were carried out on the MS media and 10 plantlets were treated with each stress for 1, 4, 8, 24, 48, or 72 h.
The fungal strains, Botrytis cinerae (KACC 41298), Colletotrichum gloeosporoides (KACC 40003) Rhizoctonia solani (KACC 40101), and Phythium ultimunm (KACC 41062) were obtained from the Korean Agricultural Collection Center, South Korea. The fungi isolates were grown for 3 days at 25°C on potato dextrose agar to obtain mycelium for the inoculation of ginseng seedlings. For the infection experiments, the mycelial plug excised from the actively growing margin of the colonies were suspended in sterile water and sprayed. After inoculation, plants were kept at 100 % humidity to attain the desired moisture conditions. Plants were harvested at 0, 6, 24, 48, and 72 h post-infection. Control plants were held in a growth room at 25°C under a 16 h photoperiod. The stressed plant materials from all completed treatments were immediately frozen in liquid nitrogen and stored at -70°C until required.
Real-time quantitative RT-PCR Total RNA was isolated from the ginseng seedling using a RNeasy kit (Qiagen, Valencia, CA, USA) For RT-PCR, 200 ng of total RNA was used as a template for reverse transcription using oligo (dT) 15 primer (0.2 mM) and AMV reverse transcriptase (10 U/lL) (INTRON Biotechnology, Inc., South Korea) according to the manufacturer's instructions. Real-time quantitative PCR was performed using 100 ng of cDNA in a 10-ll reaction volume using SYBR Ò Green Sensimix Plus Master Mix (Quantace, Watford, England). Specific primers for PgPR10-4 (5 0 -AGG GGA TGT ACT GCA AGG TG-3 0 , forward and 5 0 -CCT GAG TAT GAT GGC GGA CT-3 0 , reverse) were used to perform real-time PCR. The housekeeping gene encoding the actin gene was used as a control in the experiment, which was amplified with the primers: 5 0 -AGA GAT TCC GCT GTC CAG AA-3 0 (forward) and 5 0 -ATC AGC GAT ACC AGG GAA CA-3 0 (reverse). The thermal cycler conditions recommended by the manufacturer were as follows: 10 min at 95°C, followed by 40 cycles at 95°C for 10 s, 58°C for 10 s, and 72°C of 20 s. The fluorescent product was detected at the last step of each cycle. Amplification, detection, and data analysis were carried out with a Rotor-Gene 6,000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). Threshold cycle (Ct) represents the number of cycles at which the fluorescence intensity was significantly higher than the background fluorescence at the initial exponential phase of the PCR amplification. To determine the relative differences in the template abundance for each sample, the Ct value for PgPR10-4 was normalized to the Ct value for bactin and calculated relative to a calibrator using the formula 2 -DDCt . Three independent experiments were performed, and the primer efficiencies were determined according to the method described by Livak and Schmittgen (2001) for validating the DDCt method used in our experiment. The observed slopes were close to zero, indicating that the efficiencies of the gene and the internal bactin control were equal.
Vector construction and in planta transformation
To overexpress PgPR10-4 under the cauliflower mosaic virus (CaMV) 35S promoter of pCAMBIA1390 containing the and cyan fluorescent protein (CFP), the full cDNA sequence of PgPR10-4 gene was amplified from P. ginseng cDNA using PCR with specific primers embedded (underlined for enzyme site) with the SalI (5 0 -GA GTC GAC ATG GGT GTG TTC CAT GTT-3 0 ) and EcoRI (5 0 -TG GAA TTC ATA GGC ATC AGG ATT TGC-3 0 ) restriction sites. Purified PgPR10-4 was digested with SalI and EcoRI restriction enzymes and cloned into the Pro35S:CFP (Pro35S:PgPR10-4-CFP). For the vector control, Pro35S:YFP was used (Lee et al. 2012b ). Generated constructs were confirmed by nucleotide sequencing and were in planta transformed into A. thaliana C60000 using Agrobacterium tumefaciens C58C1 (pMP90) (Bechtold and Pelletier 1998). Homozygous plants with a 3:1 segregation ratio were selected on antibiotic plates for further analyses. For each construct, 20-50 T1-independent lines were obtained, and the phenotypic significance of the transgenes was analyzed in the chosen lines. Ribonuclease (RNase) activity was determined using yeast tRNA as a template with the crude extracts (Pulla et al. 2010) , from the 4-week-grown Arabidopsis leaves.
Plant resistance evaluation by biotic stress
The bacterial strain Pseudomonas syringae pv tomato DC3000 (ATCC No. BBA-871) was grown on King's B medium supplemented with rifampicin (50 mg/L). Inoculum was prepared by collecting bacteria from overnight cultures (OD600 = 0.2-0.4) by centrifugation and re-suspending in 10 mM MgCl 2 . The rosette leaves of 4-week-old plants were syringe-infected with bacterial suspensions. For quantitative Plant Cell Tiss Organ Cult (2014) 118:531-543 533 analysis of P. syringae on the infected leaf tissue, six plants were used and three leaves were taken from each plant for further analysis. The leaf was carefully inverted, exposing the abaxial side. A 1 mL needleless syringe containing the bacterial suspension (1 9 10 6 cfu/mL) was used to pressureinfiltrate the intracellular spaces of the leaf, and the plants were then covered with a polytene bag to maintain the desired humidity. After 2 and 4 days, the leaf samples were harvested and surface-sterilized using 70 % ethanol and rinsed with distilled water. Excised leaf disks (1 cm 2 ) were placed in a 1.5 mL microfuge tube with 1 mL sterile distilled water and macerated using TissueLyserII (Qiagen). The solutions were serially diluted and plated on King's B medium supplemented with 50 mg/L rifampicin for 3 days, and then the colonyforming units (cfu) of each sample were counted.
Fungi (Botrytis cinere and Colletotrichum gloeosporioides) were cultured on potato dextrose agar at 25°C. The leaves of 4-week-old Arabidopsis plants were treated with the conidiospores of B. cinerea and C. gloeosporioides (1 9 10 6 spores/mL). The plants were then covered with a polytene bag to retain moisture and transferred into a climate chamber at 23°C for 7 days.
Confocal microscopy analysis
The fluorescence of the reporter CFP was measured using a confocal laser scanning microscopy (LSM 510 META, Carl Zeiss, Jena, Germany). CFP was detected using 488/505-530 nm excitation/emission filter sets. Fluorescence images were digitized with the Zeiss LSM image browser.
Results
Isolation and sequence analysis of PgPR10-BetV1
From our EST analysis of a cDNA library that was prepared from 14-year-old P. ginseng (Kim et al. 2012 ), we identified a cDNA clone encoding a PR protein. The obtained cDNA was 778 nucleotides long and contained a putative open reading frame (ORF) of 477 bp. This ORF encodes a protein of 158 amino acids, beginning at the initiation codon ATG (position 68) and ending at the stop codon TAA (position 542) ( Supplementary Fig. 1 ).
Because the predicted amino acid sequence showed similarity with previous reported three PgPR10s, although it showed the highest identity (53 % identity, 70 % similarity) with AcBetV1 (CAM31908), we named it PgPR10-4, and its sequence was deposited in GenBank (KJ777819). A Pfam domain search confirmed that this protein belongs to the BetV1 family (pfam00407). A NCBI BlastX search revealed that the deduced amino acid sequences of PgPR10-4 share higher degrees of identities (45-53 %) with the BetV1 allergen proteins of Actinidia chinensis (CAM31908), Quercus rubra (AFF59686), Betula pendula (CAA96542), and Cannabis sativa (AFN42528) (Gagne et al. 2012 ). PgPR10-4 also showed a higher identity (51 % identity, 70 % similarity) with the PR2 of Petroselinum crispum (P27548), which was reported to be a novel class of disease resistance genes in plants (van de Löcht et al. 1990) . It also shares a 52 % identity with the Pru allergen proteins of Prunus dulcis 9 Prunus persica (ACE80941) (Chen et al. 2008) and Vitis vinifera (XP002274108), which are also considered major pollen allergens. Comparison of the amino acid sequences of PgPR10-4 revealed that it had sequence identities of 52, 47, and 49 % with PgPR10-1 (ADW93867), PgPR10-2 (ADW93869), and PgPR10-3 (ADW93868), respectively, which have been previously isolated from P. ginseng (Pulla et al. 2010; Lee et al. 2012a, b) . In addition, PgPR10-4 had identities of 49 and 45 % with the PR10 of Theobroma cacao (EOY06629) and Vitis pseudoreticulata (ABC86747), respectively.
The aliphatic index, which is regarded as a positive factor that increases thermostability, was calculated to be 92.47 using ProtParam (Sali and Blundell 1993) . In the deduced amino acid sequence of the PgPR10-4 protein, the total number of negatively charged residues (Asp ? Glu) was 24, while the total number of positively charged residues (Arg ? Lys) was 20. The instability index (II) was computed to be 38.82, which classifies the protein as stable. The molecular mass of the mature protein was calculated to be approximately 17.7 kDa, with a predicated isoelectric point (pI) of 5.72. Protein sequence analysis revealed that PgPR10-4 contains GXGGXG, a glycine-rich conserved motif known as the P-loop (phosphate binding loop) that is frequently found in protein kinases as well as in nucleotidebinding proteins (Saraste et al. 1990 ) and the putative catalytic BetV1 signature (Lebel et al. 2010) (Fig. 1a) . In addition, four conserved proteins (Lys, Glu, Glu, and Tyr) with ribonuclease activity (Chadha and Das 2006; Liu and Ekramoddoullah 2006) are conserved in PgPR10-4 (indicated as arrowheads in Fig. 1a) . The PgPR10-4 protein showed a lack of any signal peptide or membrane-binding domains that have been observed in other members of the PR10 family (van Loon et al. 2006) . By using multiple sequence alignment and phylogenetic analysis, we found that PgPR10-4 clusters together with the other PR10s of P. ginseng, with the exception of parsley PR2 (Fig. 1b) .
The hydrophilicity profiles of the estimated PgPR10-4 and other PR10 proteins are shown in Fig. 2a , implying their similar protein structure. The secondary structure analysis by SOPMA (Geourjon and Deleage 1995) revealed that PgPR10-4 consists of 58 a-helices, 17 b-turns joined by 41 extended strands, and 42 random coils (Fig. 2b ). This result is highly similar to the secondary structure of PR2 from P. crispum, which includes 62 a-helices, 16 b-turns joined by 37 extended strands, and 43 random coils. The PR10-1 of P. ginseng is also similar, and includes 57 a-helices, 15 b-turns joined by 39 extended strands, and 44 random coils. The 3D modeling analysis of PgPR10-4 revealed that it is composed of antiparallel beta sheets and alpha helices (Fig. 3) .
Expression profile of PgPR10-4 in diverse organs
To determine the organ-specific expression of the PgPR10-4 gene in ginseng, quantitative RT-PCR was carried out using the cDNA templates from three organs: the leaf, stem, and root. As shown in Fig. 4 , PgPR10-4 was constitutively expressed in all of the tested ginseng tissues, with a preferential expression in ginseng leaf.
Differential expression of PgPR10-4 in response to biotic and abiotic stresses
In order to explore the molecular mechanisms of stress tolerance adapted by ginseng plants to survive repeated cycles of biotic and abiotic challenges, the expression of PgPR10-4 was studied using Quantitative reverse ginseng (ADW93867); PgPR10-2, P. ginseng (ADW93869); PgPR10-3, P. ginseng (ADW93868); AcBetV1, A. chinensis (CAM31908); PcPR2, P. crispum (P27538); Pd x Pp Pru du 1.02, Prunus dulcis 9 Prunus persica (ACE80941); TcPR10.5, T. cacao (EOY06629); VpPR10, V. pseudoreticulata (ABC86747); QrBetV1, Q. rubra (AFF59686); BpBetV1, B. pendula (CAA96542); CsBetV1, C. sativa (AFN42528) and VvPru ar1, V. vinifera (XP002274108).
Hyphens were inserted within amino acid sequences to denote a gap. Shadowed boxes indicate well-conserved residues, asterisk represents conserved amino acids, and: represents very similar amino acids. Boxed domains represent conserved P-loop and BetV1 signatures (Lebel et al. 2010) . The residues essential for ribonuclease activity are marked by arrowheads . b Phylogenetic analysis of PgPR10-4 with BetV1 proteins. The neighbor-joining method was used and the branch lengths are proportional to the divergence, with the scale of 0.1 representing 10 % changes Plant Cell Tiss Organ Cult (2014) 118:531-543 535 transcription-polymerase chain reaction (qRT-PCR) analysis. We initially investigated the expression profiles of PgPR10-4 under pathogen infections. When ginseng seedlings were challenged with C. gloeosporioides, R. solani, B. cinerea, and P. ultimum, a significant up-regulation of PgPR10-4 transcription was observed compared to the untreated control ( Fig. 5a-d ).
Time-course qRT-PCR analyses data are presented to examine the effects of abiotic stress conditions on PgPR10-4 gene expression. As shown in Fig. 6 , PgPR10-4 transcripts appeared to be up-regulated under several abiotic stresses. We found that high light and UV irradiation stresses caused a reduction of PgPR10-4 at early time points (1-4 h), but after 8 h, its expression rapidly increased and peaked at 72 h (Fig. 6a, b) . Under salinity stress, PgPR10-4 expression decreased at 1 h, but gradually increased and maximally accumulated at 72 h post-treatment (Fig. 6c) . However, chilling stress caused a strong reduction in PgPR10-4 until 48 h, and then after 72 h its expression became similar to the control (Fig. 6d) .
H 2 O 2 , ABA, SA, and JA are well-known modulators of defense responses in plants. Similar to what was observed with high light and UV stress, H 2 O 2 exposure caused the down-regulation of PgPR10-4 at early time points (1-4 h), but the expression levels of PgPR10-4 increased and reached a maximum level at 72 h, about ninefold greater than that at 0 h (Fig. 6e) . However, in the case of ABA hormone treatment, PgPR10-4 expression was strongly reduced compared with the control (Fig. 6f) . SA triggered a decrease in PgPR10-4 transcription at 1-4 h, but its expression returned to control levels at 8-72 h post-treatment (Fig. 6g) . However, the expression of PgPR10-4 was strongly enhanced at 48 h in response to JA treatment (Fig. 6h) .
Subcellular localization of PgPR10-4 protein
The alignment and phylogenetic analysis of the deduced protein sequence showed that PgPR10-4 belongs to the BetV1 family of cytosolic proteins (van Loon et al. 2006) . Bioinformatics analysis suggests that PgPR10-4 may be a cytoplasm-localizing protein without a targeting sequence. In order to experimentally determine the localization of PgPR10-4, a PgPR10-4-CFP fusion construct was built (Fig. 7a) . As depicted in Fig. 7b , Arabidopsis expressing the PgPR10-4-CFP was observed in the cytoplasm, suggesting that PgPR10-4 may be present in the cytoplasm.
Overexpression of PgPR10-4 in Arabidopsis enhances tolerance to biotic stresses After the observation that the PgPR10-4 gene is responsive to various abiotic and biotic stresses, we further asked whether this gene is involved in stress tolerance. To test this, the PgPR10-4 gene was overexpressed (PgPR10-4ox) in A. thaliana C6000 under the control of CaMV35S promoter. Three PgPR10-4ox transgenic lines, #3, #4, and #7 were selected for further study. Under normal conditions, no significant difference in morphologic phenotype was observed. However, after biotic stress treatment, the overexpression lines had significantly increased tolerance as compared to the control lines. P. syringae pv tomato (Pst) DC3000 is an important bacterial pathogen and a valuable model organism for studying plant-pathogen interactions (Quirino and Bent 2003) . As shown in Fig. 8a , wild-type Arabidopsis plants inoculated with Pst DC3000 showed disease symptoms, whereas a limited necrotic response was observed in the Fig. 3 Three-dimensional structure of P. ginseng PR10-4 represented by a ribbon diagram. The structure was predicted with an automated comparative protein modeling server using the SWISS-MODEL. Conserved P-loop and BetV1 signatures (Lebel et al. 2010) , as shown in Fig. 1a, Relative mRNA expression of
PgPR10-4
Different tissues of P. ginseng Fig. 4 Expression of PgPR10-4 genes in the leaves, stems, and roots of 3-week-old ginseng plantets cultured in vitro. The Ct value for each gene was normalized to the Ct value for b-actin and was calculated relative to a calibrator using the formula 2 -DDCt . Vertical bars indicate the mean value ±SE from three independent experiments Plant Cell Tiss Organ Cult (2014) 118:531-543 537 infected areas of the leaves of transgenic lines 4 d after inoculation. Lower bacteria growth was observed in PgPR10-4ox plants compared with wild type (Fig. 8b) . In order to understand the molecular mechanism of PgPR10-4 against fungal stresses, we tested the responses of transgenic plants after infection with two fungi that induced a high expression of PgPR10-4 (Fig. 5) . The plant pathogenic fungi Colletotrichum and Botrytis are excellent models for studying fungal-plant interactions (Perfect et al. 1999; Elad 1997) . When the leaves of PgPR10-4ox lines were infected with 1 9 10 6 cfu/mL of C. gloeosporioides, they showed less discoloration compared to wild-type after 7 days post-infection (Fig. 8c) . Tolerance to fungal infection was evaluated in 4-week-old seedlings and judged based on the presence of yellow leaves. Transgenic lines showed a 2-to-2.5-fold lower number of yellow leaves than what was observed in WT plants (Fig. 8d) . The detached leaves of PgPR10-4ox also showed more resistance to B. cinerea compared to WT (Fig. 8e) . These results suggest that PgPR10-4 has a significant effect on improving tolerance to biotic stress by the increased Rnase activity (Fig. 8f) . However, when we further tested for resistance to salt stress, the transgenic lines did not show a significant difference (data now shown).
Discussion
The major birch pollen allergen BetV1, an allergen from plant food, causes pollen allergies in patients by IgE crossreactivity (Breiteneder and Ebner 2000) . Many allergens derived from plant foods are homologous to PR proteins, and BetV1 belongs to a group of PR10 proteins (Breiteneder and Ebner 2000) . This is the first isolation of a BetV1 homologue (PgPR10-4) from ginseng, though BetV1 has been found in fruits of the Rosaceae species (ex, apple, apricot, cherry, peach or plum) and vegetables of the Apiaceae species (ex, celery, carrot or parsley) (Breiteneder and Ebner 2000). The characteristics of plant allergens may depend on allegenicity of at least some of these allergens (Breiteneder and Ebner 2000) , indicating the diagnostic possibility of using PgPR10-4. The deduced PgPR10-4 protein showed the structural and functional conservation of PR10 features, such as a small size, an acidic pI, as well as the P-loop and BetV1 signature (Jain et al. 2012) . While PgPR10-4 possesses three of the four known residues for RNase activity, the glycine-rich conserved P-loop, which may be involved in nucleic acid binding, is identical in all analyzed BetV1, supporting its role in disease, allergic responses, or nucleotide-, cytokinin-, and brassinosteroid-binding. Consistent with its conserved profiles of hydrophilicity and secondary structure with homologous proteins, the 3D molecule of PgPR10-4 contains a large hydrophobic cavity (Gajhede et al. 1996) , suitable for the binding and transport of diverse hydrophobic ligands such as hormones (Koistinen et al. 2005; Mogensen et al. 2002) .
PR10 proteins are present as a multigene family in many higher plants, and their gene copy numbers vary between different species (Schenk et al. 2009 ). There are at least The Ct value for PgPR10-4 was normalized to the Ct value for b-actin and was were calibrated relative to the transcript levels prior to stress treatment (at 0 h). The error bars represent the standard error of the means of three independent replicates five PR10 genes in pea (Tewari et al. 2003) , 18 PR10 genes in apple (Gao et al. 2005) , 10 BetV1 genes in birch (Schenk et al. 2009) , and 17 PR10s genes in V. vinifera (Lebel et al. 2010) . Phylogenic analysis of PgPR10-4 and other similar BetV1 and PR10 homologues from several plants have established that PgPR10-4 cluster together with the members of the PgPR10 family from the same ginseng plant, probably reflective of multiple gene duplication events in common ancestors (Radauer et al. 2008) . One significant difference, however, is that the other three PgPR10s are five amino acid residues shorter at their C-terminus than the known sequences of BetV1 and PgPR10-4 (Fig. 1a) . As previous observed in the different organ-specific expression of PgPR10-1 and PgPR10-2 in the flower bud and root, respectively (Lee et al. 2012a) , PgPR10-4 is relatively highly expressed in the leaf, indicating the tissue-specific roles of this PR10 family. It has been reported that PR10 members are developmentally regulated and constitutively 6 Relative quantities of PgPR10-4 mRNA at various time points (h) post-treatment with various stresses to the 3-week-old ginseng seedlings; a high light, b UV light, c 100 mM NaCl, d chilling, e 10 mM H 2 O 2 , f 0.1 mM ABA, g 1 mM SA, and h 0.2 mM JA. The Ct value for PgPR10-4 was normalized to the Ct value for b-actin and was calibrated relative to the transcript levels prior to stress treatment (at 0 h). The error bars represent the standard error of the means of three independent replicates Plant Cell Tiss Organ Cult (2014) 118:531-543 539 accumulate in different plant tissues and organs (Liu and Ekramoddoullah 2006) . Some members of the PR10 gene family are constitutively expressed during plant development (Walter et al. 1996) or expressed in specific tissues (Huang et al. 1997) . The abundant expression of PgPR10-4 in leaves has been reported in the case of birch BetV1, which has a constitutive expression pattern in its leaves (Poupard et al. 1998; Utriainen et al. 1998 ).
Higher plants accumulate PR proteins in response to infections by pathogens or stresses, and PR10 proteins have been reported to have various functions ranging from antimicrobial activity to responses to abiotic stresses. To assess their ability to cope with continuous exposure to abiotic and biotic stresses in the natural environment, ginseng seedlings were infected with four fungal strains. Pathogen infection was shown to increase transcript levels of PgPR10-4 in all of the tested ginseng fungi (Fig. 5) , similar to what was observed with PgPR10-2 (Lee et al. 2012b) . Fungal infection leads to the activation of several secondary messengers which in turn culminate in the transcriptional activation of defense-related genes such as the PR genes (Laxalt and Munnik 2002) . Transcription of this gene could be induced by a fungal elicitor and by the signaling molecule JA, similar with the results observed with GaPR-10 (Zhou et al. 2002) . The PgPR10-4 transcripts were not only up-regulated by biotic stress but were also up-regulated by abiotic stresses, including light, UV, NaCl, and H 2 O 2 . This demonstrates that PgPR10-4 is more broadly involved in defense mechanisms via the plant's responses to various stresses. Similar induced patterns by stress stimuli, including JA and high salinity, were observed with two PR-10 genes in maize (Xie et al. 2010 ). H 2 O 2 is an important component of the signal transduction cascades that are activated in the plant's responses against pathogenic attack (Mellersh et al. 2002) . As the most stable ROS species, H 2 O 2 has a direct antimicrobial effect and induces gene expression, hypersensitive cell death, phytoalexin production, and induced systemic resistance (Bolwell et al. 2002) . High light or UV exposure also could be related with ROS production, and the expression of PR10s has also been reported to protect the photosynthetic apparatus (Rivero et al. 2009 ). A complex signaling network involving cytosolic Ca 2? and H ? ions, ROS, and JA triggers the induction of plant defense mechanisms (Odjakova et al. 2001 ). PgPR10-4 transcripts are down-regulated by chilling stress and signal molecules including ABA and SA. This observation is consistent with the PR10s observed in rice, which showed a rapid accumulation of mRNA after exposure to NaCl and JA but not after exposure to low temperature or ABA and SA (Hashimoto et al. 2004 ). Some PR10 have been induced by both ABA and JA (Wang et al. 1999; , however ABA application has not been shown to affect JA-inducible PR10 (Jwa et al. 2001; Hashimoto et al. 2004) .
To understand the involvement of PgPR10-4 against abiotic and biotic stress, the overexpression of the full-coding sequence of PgPR10-4 (PgPR10-4ox) was introduced into Arabidopsis. The protein localization was confirmed to be in the cytoplasm by CFP-tagging confocal analysis same as no signal peptide sequence detection by the Target P program. Intracellularly localized PgPR10-4ox showed enhanced resistance against Pseudomonas, Collectotrichum, and Botrytis. We previously showed that the overexpression of PgPR10-1 and PgPR10-2 conferred a tolerance against fungal and bacterial infection (Lee et al. 2012b) , and high salinity (Lee et al. 2012a ), respectively. PgPR10-4ox also conferred antifungal and antibacterial resistance, although it did not affect salt tolerance, indicative of the different mechanisms of action of members in the PgPR10 family.
Even though the accumulation of PgPR10-4 was discernible in response to salinity stress, it did not confer tolerance in transgenic Arabidopsis. Similarly, birch PR10c protein accumulated after heavy metal stress, but also did not directly confer tolerance (Koistinen et al. 2002) . Overall, the manipulation of PgPR10 genes in plants can be used as a valuable tool for enhancing their physiological status. To the best of our knowledge, this is the first report describing the isolation of a BetV1 homologous gene from the ginseng plant and characterized its role in imparting tolerance to bacterial and fungal stresses. The enhanced relative expression of PgPR10-4 in ginseng provides evidence for the positive functions of JA-or H 2 O 2 -mediated signaling and PgPR10-4 in leaf growth in the response to biotic stresses. Taken together, it is clear that genetically engineered ginseng can lead to improved cultivars with better resistance to a variety of biotic and abiotic stress agents. Fig. 8 PgPR10-4 positively regulates plant tolerance to biotic stresses. a Disease symptoms on the leaves infected with P. syringae (DC3000). The leaves of 4-week-old Arabidopsis vector control (35S:YFP) and PgPR10-4ox plants were infiltrated with a suspension (10 6 cfu/mL) of Pst 3000, and photographs were taken after 2 and 4 days. b Bacterial growth in the leaves inoculated with Pst DC3000. c The healthy leaves of wildtype (WT) and PgPR10-4ox were infected with C. gloeosporioides. The photograph was taken after 7 days of treatment. d Disease severity was assayed by calculating the number of yellow leaves per plant. e A photograph of WT and PgPR10-4ox leaves infected with B. cinerea for 7 days. f PgPR10-4ox showed increased ribonuclease (RNase) activity. The error bars represent the standard error of the means of three independent replicates. (Color figure online) 
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